Abstract Mercury's weak internal dipole field is subject to an intense solar wind; and thus, only a small magnetospheric cavity is created. The location of the outer boundary, the magnetopause, is mainly controlled by a pressure balance between the solar wind pressure outside and magnetic pressure inside, but during times of intense dayside reconnection the standoff distance may be reduced due to erosion. For the Hermean magnetosphere, different erosion mechanisms such as direct flux transport, neutral current sheet enhancement, field-aligned currents, and interplanetary magnetic field penetration are compared. As any of these erosion mechanisms change the external field experienced by the planet, currents are induced within the electrically conductive planetary interior. Secondary magnetic fields from these induced currents counteract their source by temporarily increasing the planetary magnetic moment. The amplitude of this compensation depends on the interior electrical conductivity structure. Using a magnetospheric model, that is based on in situ MErcury Surface, Space ENvironment, GEochemistry, and Ranging data, as well as a simple conductivity model for the planetary interior, we give an estimate of the induced magnetic field range possible for various internal conductivity structures and external forcings. Considering the planetary response to the magnetospheric field changes opens a possibility to probe the planetary interior-a method especially suited for the upcoming BepiColombo mission to Mercury.
Introduction
Decades after its discovery by the Mariner 10 mission [Ness et al., 1974] , the global magnetic field of Mercury was systematically mapped by the MErcury Surface, Space ENvironment, GEochemistry, and Ranging (MESSENGER) mission [Solomon et al., 2007] , which stayed in orbit from March 2011 until April 2015. The surprisingly weak internal dipole field with a magnetic moment of 2.19 ⋅ 10 18 Am 2 Wicht and Heyner, 2014] is much smaller than its terrestrial counterpart. This, together with the much higher solar wind dynamic pressure (which scales with the heliocentric distance r helio roughly as 1∕r 2 helio , assuming constant solar wind velocity and mass flux) at the Hermean orbit around the Sun, results in a relatively small magnetospheric cavity. The subsolar standoff distance of the magnetopause, the boundary that separates the magnetosphere from interplanetary space, is located at 1.45R M (R M = 2440 km is the planetary radius) from the center of the planet [Winslow et al., 2013] . The Hermean magnetosphere differs from the terrestrial one in various aspects. For example, the inner boundary of the Hermean magnetosphere is quite different to Earth. At Earth, the highly conductive ionosphere forms the inner boundary of the magnetosphere. At Mercury, the planetary gravitational acceleration g = GM∕R 2 M = 3.7 m/s 2 [Smith et al., 2012] (G and M are the gravitational constant and the planetary mass, respectively) results in a slow escape velocity v e = √ 2gR M = 4.2 km/s and consequently in a probably significant thermal escape for light elements [Hunten et al., 1988] . Heavier elements may be lost to space through processes as, e.g., photon-stimulated desorption [Cassidy et al., 2015] or radiation pressure [Murchie et al., 2014] . Consequently, Mercury exhibits a thin, surface-bound exosphere, therefore lacking a significant ionosphere. Hence, the inner boundary of the magnetosphere is the planetary surface itself. As the planetary body with its large, highly electrically conducting core occupies a large fraction of the magnetosphere, we anticipate an influence of it on the Hermean magnetosphere and its dynamics. 
with R E as mean Earth radius. With MESSENGER in orbit around Mercury, Winslow et al. [2013] determined a slightly different dependency:
This relationship was determined for the moderate pressure variation within 8.8 to 21.6 nPa due to Mercury's varying heliocentric distance along its elliptical orbit. Due to the intense solar wind pressure, Mercury has a very stiff magnetosphere as compared to, e.g., Jupiter ; thus, a relatively strong increase in solar wind pressure is required to decrease the standoff distance.
In addition to compression, it has long been known that the subsolar magnetopause position at Earth is sensitive to the orientation of the interplanetary magnetic field (IMF) which is critical for dayside reconnection. This reconnection process is only possible in the picture of nonideal magnetohydrodynamics that allows for a finite plasma conductivity. During southward IMF, the terrestrial magnetopause is observed to move inward without a variation of the solar wind pressure [Shue et al., 2001] . During average conditions, the terrestrial magnetopause distance is observed to be eroded by roughly 20% at maximum [Shue et al., 1998 ], whereas Slavin and Holzer [1979] estimated that the entire dayside magnetosphere of Mercury may be eroded. This motivates us to review the erosion mechanism closely and check the applicability to the Hermean system.
At Earth, dayside reconnection takes place when the z component of the IMF turns southward and thus establishes an antiparallel configuration of magnetic fields across the magnetopause. The intensity of the reconnection process may be expressed as the reconnection rate: the ratio of the normal magnetic field to the total magnetic field inside the magnetopause: B N ∕|B| MP [Sonnerup et al., 1984] . Shue et al. [2001] defined magnetopause erosion as a result of the imbalance between flux transport due to reconnection away from the dayside magnetopause (toward the nightside) and the return flux transport from the nightside magnetotail toward the dayside by magnetospheric convection. This type of model is vividly coined "Onion Peel model" in the works of Wiltberger et al. [2003] and Wiltberger et al. [2005] based on Sibeck et al. [1991] . Using in situ satellite observations at Earth, Shue et al. [1998] fit a purely empirical model dependent on the magnitude of B IMF,z and thus expanded the relationship of equation (1). Now, the subsolar magnetopause standoff distance is a product of three functions: C E , f E , and g E , describing a constant factor, a part dependent on the IMF, and a part dependent on the solar wind ram pressure, respectively: 
From this, the average standoff distance in planetary radii (R E ) for large positive (i.e., northward) component of the interplanetary magnetic field B IMF,z and an average solar wind dynamic pressure 2.2 nPa [Shue et al., 1998 ] is 10.21R E . The coefficient 0.184 is the erosion rate with respect to B IMF,z , and the 8.14 coefficient shifts the model function. From this model, R mp,E tends to a saturation value of 8.93 p
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After the flybys of Mariner 10, Slavin and Holzer [1979] were the first to discuss the magnetopause erosion due to dayside reconnection for planet Mercury. They concluded that during intense solar wind periods (i.e., with high-reconnection rates), the dayside magnetosphere could be eroded down to the surface. Using in situ data from the orbital MESSENGER mission, DiBraccio et al. [2013] studied the reconnection rate at Mercury for the first three Mercury years with MESSENGER in orbit and found no significant dependence on the magnetic shear angle across the magnetopause, which is in contrast to the terrestrial situation. Instead, the reconnection rate is found to be mainly dependent on the plasma (ratio of thermal to magnetic pressure) in the magnetosheath MSH . So for Mercury, we adapt equation (2) in the following manner:
Here f M ( MSH ) and C M = const. are yet to be determined from in situ data. DiBraccio et al. [2013] reconstructed the MSH parameter for 43 magnetopause crossings from magnetic field data alone, since the capabilities of ion detector on the MESSENGER mission are limited (e.g., no full 4 view) and do not allow a full determination of the in situ plasma density and temperature to derive the plasma thermal pressure. But also, this reconstruction of the thermal pressure from magnetic pressure (in a simple MHD approximation) is only valid if the magnetopause is stationary and MSP = 0 holds inside the magnetosphere. As DiBraccio et al. [2013] point out correctly, the Hermean magnetopause is almost constantly moving (they assumed a speed of 20 km/s). Further studies, e.g., with the upcoming BepiColombo mission, are required to determine the thermal pressure in the magnetosheath more accurately from in situ measurements.
Slavin et al.
[2014] determined the subsolar magnetopause distance during intense solar wind events with solar wind pressures from 44 to 65 nPa and reconnection rates between 0.08 and 0.22. Despite the high-reconnection rates which would indicate significant magnetopause erosion, they find that the standoff distance seems to follow the mere compressional law in equation (2) established by Winslow et al. [2013] . This gives rise to the following questions: Why is erosion apparently weak (or absent) despite the reconnection rate at Mercury being 3 times larger than at Earth? Are there other magnetospheric processes mainly responsible for erosion at Mercury, which are inhibited by the planet or the small size of the magnetosphere?
There are several alternative processes, other than reconnection, that can have erosive effects on the magnetopause. Wiltberger et al. [2003] investigated the erosion of the terrestrial dayside magnetopause due to a southward IMF based on a magnetohydrodynamic simulation which includes a height-integrated ionospheric current system model. They contrasted the Onion Peel model with other effects decreasing the subsolar standoff distance such as the growth of the cross-tail current system and fringe fields from Region 1 current systems. The neutral current sheet on the nightside of the planet produces a fringe field at the subsolar magnetopause that is oppositely directed to the internal dipole field of the planet. An increase in current strength could weaken the magnetic field inside the magnetopause which subsequently moves inward until a pressure balance with the shocked magnetosheath plasma outside this boundary is reachieved. The region 1 currents produce a similar effect with their fringe fields at the subsolar magnetopause. At Mercury there is also a neutral current sheet at the nightside of the planet as well as region 1 currents, although the latter is not closed via an ionosphere but rather the planet itself [Anderson et al., 2014] .
As mentioned above, in the ideal MHD picture, the solar wind and the magnetosphere are completely separated by the magnetopause-no plasma flows across. In this perfectly conducting limit, the diffusion time of the magnetic field through the magnetopause is infinite. During periods of reconnection, the plasma conductivity is significantly lowered and thus magnetic diffusion into the magnetosphere has to be reconsidered. This means that IMF penetration during periods of enhanced reconnection of global magnetospheric scale has to be regarded as another erosion mechanism. Alexeev [1986] , Alexeev et al. [1993] , and Kitaev [1993] presented models which open the terrestrial magnetopause to the IMF, but they do not extensively discuss this as a potential erosion mechanism for the terrestrial magnetosphere. If the IMF is mainly southward and is able to diffuse through the magnetopause (due to the finite electrical conductivity in the reconnection layer), the total magnetic field will be decreased as the internal dipole field produces a northward magnetic field at the subsolar magnetopause region. As the magnetic pressure inside the magnetopause is decreased, the standoff distance will be lowered.
Finally, in the terrestrial case, Petrinec and Russell [1993] reported a small influence of the ring current on the position of the subsolar magnetopause distance. As the Hermean magnetosphere is too small to support a permanently trapped particle population drifting around the planet [Glassmeier, 2000; Baumjohann et al., 2010] , there is no such current expected at Mercury. Müller et al. [2012] report results from adaptive hybrid simulations of the solar wind interaction with Mercury and find a quasi-trapped proton population extending roughly from midnight toward dawn. Recently published observations of energetic electrons by Lawrence et al. [2015] are also indicative of a partially trapped electron population located at closed magnetic field lines concentrated around midnight. The question, whether the electrical current due to these partially trapped particles is large enough to cause a significant magnetic effect within the dayside magnetosphere, remains to be solved in the future.
In addition to the alternative erosion effects, with its small magnetosphere and subsequently strong external fields from magnetospheric sources at the planetary surface [Glassmeier et al., 2007; Heyner et al., 2011] , Mercury could stage an effective erosion compensation mechanism. As any of the erosion mechanisms change the external field the planet experiences (external with respect to the planetary surface; also see section 2.1), magnetic induction within the planet may counteract these erosion processes by temporarily increasing the planetary dipole moment as envisaged by Glassmeier et al. [2007] and Slavin et al. [2014] . Due to the proximity of the planetary surface as well as the large iron core to the dayside magnetopause, the induced secondary fields do not geometrically decrease toward the magnetopause as much as it would be the case at the Earth. Here we examine and compare the effects that could lead to erosion in the Hermean magnetospheric system and constrain the induced field response in the planetary interior. For this purpose, we make use of a relatively simple magnetospheric model, which has been validated using MESSENGER in situ data . This model provides a global view on the magnetosphere which is needed for studying the inductive response from the planetary interior. For this induction process, we employ a two-shell model of nested shells with constant conductivity [Seufert et al., 2011] representing the highly conductive core and the less conductive silicate shell.
In section 2, we present different analysis methods and models that are used throughout the remainder of the paper. In sections 3 to 6, we discuss several different erosion mechanisms in application to the Hermean system. For this, we also compare average to extreme forcing conditions. We estimate the dayside reconnection layer thickness and thus the range for direct erosion by "peeling off" the magnetopause in section 3. In section 4, we calculate the erosive effect of tail loading events which arise due to the flux transport from the dayside to the nightside. During periods of reconnection, field-aligned currents are observed which may reduce the standoff distance as well. We present a simple model for these currents and give a standoff reduction estimate in section 5. In section 6, we consider the case of an open magnetosphere and derive the erosive effect of a partially penetrated part of the IMF. We close the paper with a discussion and conclusions in section 7.
Methods
Here we describe the modeling and analysis methods in application to all erosion mechanisms considered in this study.
Spherical Harmonic Representation of Internal and External Fields
At the planetary surface, we generally describe the magnetic field as the gradient of a scalar potential B = −∇Ψ. This magnetic potential is composed of internal and external parts [e.g., Olsen et al., 2010] in a standard spherical harmonic expansion (spherical harmonic synthesis)
Here R M , r, , and denote the planetary radius, the radial distance to the center of the planet, the colatitude, and the longitude, respectively. P m l is the Schmidt quasi-normalized associated Legendre function of degree l and order m. In general, internal fields are from various sources: (1) from dynamo operating in the fluid core, (2) from induced electrical currents in the mantle and crust, and (3) from crustal magnetizations.
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Here external fields are from the magnetospheric sources: (1) the magnetopause currents, (2) the neutral current sheet, and (3) parts from the IMF that have penetrated through the magnetopause.
In contrast to the spherical harmonic synthesis (from Gauss coefficients toward magnetic fields), one needs to perform a spherical harmonic analysis to extract Gauss coefficients from a known set of magnetic field data. We need the Gauss coefficients, since our induction modeling (cf. section 2.4) relies on a spherical harmonic expansion of the magnetic field. In general, this analysis can be done either by a least squares fitting method or by integration, if the magnetic field is densely known on a sphere around the planet. As magnetospheric models provide the magnetic field in unlimited density, we are able to use the integration technique thereby avoiding the complexities involved with fitting methods.
For the spherical harmonic analysis, we compute the external field at the planetary surface on a latitude-longitude grid with equal angular spacing (100 steps in polar direction and 200 in the azimuthal direction). For the Gauss coefficient determination, we make use of the following orthogonality relations for the azimuthal angle [Bronstein et al., 2012] :
1 2
For the polar angle, we make use of the orthogonality of the associated Legendre polynomials [Mauersberger, 1961] 
For the g coefficients, we numerically compute the integral
at the surface of the planet and an analogue integral with sin(m ) for the h coefficients using standard integration routines. We tested this method by synthesizing a magnetic field from randomly chosen Gauss coefficients which were sufficiently well reproduced by the analysis.
Parabolic Magnetosphere Model
In this work we employ the Parabolic Model for Mercury (PMM) to describe the Hermean magnetosphere subjected to erosive processes. In a lot of magnetospheric models, the magnetopause is not self-consistently obtained from first principles but rather predetermined. Thereby, the complex Chapman-Ferraro problem is avoided. In their PMM, Alexeev et al. [2010] prescribed the magnetopause as a paraboloid of revolution which is sketched in an equatorial cut in Figure 1 . In this Figure, the paraboloid model is compared to the more accurate description obtained by Winslow et al. [2013] (they treat the magnetopause as an ellipsoid) and further used in Korth et al. [2015] based on a terrestrial model of Shue et al. [1997] . The difference in the magnetopause flaring between the paraboloid and ellipsoid models becomes critical for X < −1R M . At the point of writing, the more accurate model of Korth et al. [2015] , who employ the magnetopause shape given by Shue et al. [1997] , is not yet publicly available. In the recent work of Zhong et al. [2015] an even more realistic shape of the magnetopause boundary including cusp indentions and rotational asymmetry was presented for Mercury. and also different modules such as the tail current module may be changed independent of other magnetic field modules.
Here we give a short introduction to the PMM, focusing on key interim results. For further details, consult the supporting information for this article, consult Alexeev et al. [2010] or contact the corresponding author of this work. The model concept is based on the works of Greene and Miller [1994] and has been applied, for example, to the Jovian magnetosphere by Belenkaya et al. [2005] . Because of the unrealistic divergent shape of the model magnetopause toward the nightside, this model should be most applicable to the dayside magnetosphere. Inside the model magnetopause, we assume two physical magnetic field sources: the internal dipole field of Mercury and the neutral sheet current at the nightside of the planet. Both modules produce magnetic fields that are normal to the magnetopause boundary and are shielded by magnetopause currents. For the model, we use parabolic coordinates which fit the magnetopause boundary. The introduction of a parabolic coordinate system makes it possible to calculate an analytic solution to the compensation problem at the magnetopause, see supporting information, section 2. Nevertheless, because of its complexity this solution must be numerically evaluated. The module for the tail field is described in supporting information, section 3.
Estimation of the Standoff Distance Reduction
Within this work, we analyze several mechanisms that reduce the subsolar standoff distance by decreasing the total magnetic field just below the magnetopause. Using the parabolic model described in section 2.2, we are able to estimate this reduction. For this purpose, we employ a grid search method by varying R s from 1.45R M down to 1.1R M in at least 200 steps. Doing so, we compare the reduced magnetic field pressure (due to an erosion process) at the subsolar point just below the magnetopause to the regular value. The new magnetopause position is reached, when the difference of magnetic pressures becomes minimal. The results of this method are shown in Figure 2 for an artificial subsolar magnetic field reduction of 30 nT and a subsequent new magnetopause distance of 1.19R M .
Inductive Response: Modeling With Cocentric Spheres
The change in the external magnetic field induces currents in the electrically conducting interior of the planet causing a secondary internal field that counteracts the change in the external field. From Ampère's law (neglecting displacement currents)
and a simplified Ohm's Law (in the absence of motion)
we can modify the induction equation (using ∇ ⋅ B = 0) to
Here 0 , j, and E denote the permeability of free space, the electrical current density, and the electric field, respectively. This equation describes the diffusion of a magnetic field through a medium with a diffusivity = 1∕ 0 . Using the ansatz
in equation (13) leads to
with the induction parameter k = √ −i 0 . We use different approaches to describe the inducing and the induced field. The external (inducing) field can be represented by a scalar potential as in equation (5). Within the planet, where j ≠ 0, we cannot use the scalar potential representation as the underlying assumption of a current-free region is violated. Instead, we use the vector potential A composed of a toroidal potential T and a poloidal potential P:
For our purposes, the toroidal potential T may be neglected as any induced toroidal field must not penetrate into an insulator. We choose to model the planet as cocentric spherical shells of uniform electrical conductivity. This model is shown in Figure 3 . Then following Seufert et al. [2011] , the poloidal potential can be expanded as
where f m l describe the radial dependency and S m l are spherical harmonics (fully normalized). Using this ansatz in equation (13) [Abramowitz and Stegun, 1964] . It also follows, that the solution is independent of the order m. The general solution is
HEYNER ET AL. with complex coefficients C l and D l . Here the functions p l and q l are defined as
MERCURY: RECONNECTION-INDUCTION BALANCE
Since the magnetic field is solenoidal and infinitely thin current sheets may not be maintained in the planetary interior, the magnetic field must be continuous everywhere, even at the boundaries of the shells with different conductivities.
Applying these conditions to the potentials P (describing the field inside the planet) and Ψ (describing the external field in the exterior of the planet) allows to formulate a recursive expression for the ratio g ind ∕g ext (the so-called Rikitake factor in Grosser et al. [2004] ) as shown, e.g., in detail by Liebert [2013] . This ratio directly gives the secondary internal magnetic moment induced by the changes of the external (primary) field. The Rikitake factor is a complex number:
whereas A and stand for the amplitude ratio and the phase lag of the induced in relation to the inducing field. In the following, the index j designates each shell (with conductivity j and outer boundary at r = r j ) up to a maximum index J. The () ′ operation stands for the derivative with respect to the radius, e.g.,
For the outermost shell boundary (i.e., the planetary surface), the Rikitake factor is
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We note in passing that this expression is similar but differs in detail to the one Seufert et al. [2011] presented. For the intermediate shells we have to use this recursive expression:
Eventually, for the innermost shell the ratio becomes
This type of induction modeling allows us to describe harmonic excitations with a single angular frequency .
In principle, one can model any type of excitation by a Fourier synthesis of multiple frequencies. Depending on the excitation signal shape, this may be a large number of frequencies. Here, for simplicity, we determine the typical timescale T of the respective processes and calculate as = 2 ∕T.
In order to describe the ratio of the induced to the inducing field at Mercury, we choose to model the planet as two nested spherical shells with different electrical conductivities, for simplicity. For a two-shell model this Rikitake factor reduces to
The inner sphere is the highly conducting planetary core with a radius of about 2020 km [Hauck et al., 2013] . The surface conductivity of Mercury was estimated to be s = (2.5 ± 1.2) ⋅ 10 −8 S/m by Anderson et al. [2014] who studied quasi-stationary field-aligned currents. Glassmeier [2000] assume that the conductivity in the upper crust and the mantle could be much higher, up to 1 S/m. Jia et al. [2015] also use essentially a two-shell model for the Hermean interior: The crust and mantle are subsumed in a single shell with a conductivity of 10 −7 S/m, and the core has a high conductivity of 10 5 S/m. Jia et al. [2015] achieve a good agreement between the MESSENGER magnetometer data and their model during a solar wind pressure enhancement during the second MESSENGER flyby at Mercury.
If we further assume that the external field change happens sufficiently fast and its geometry is mainly dipolar (i.e., a uniform field), then  in equation (26) tends to  ≈ 0.5. Sufficiently fast means here that the skin depth of the signal is very small against the outer shell thickness. Thus, the outer shell appears to be perfectly conducting within this timescale (although the electrical conductivity could be much less than, e.g., the core conductivity). As the shape of the conducting shells is taken to be spherical, a time-varying external field of dipolar geometry induces again an internal dipolar field.
Some of the discussed erosion mechanisms decrease the magnetopause altitude by lowering the magnetic field inside the magnetopause. As indicated in the section 1, induction may counteract this effect. In order to obtain the induced magnetic field at the subsolar magnetopause (in order to reevaluate the pressure balance), we have to take into account the geometric decay of the induced dipolar field. In the short time and dipolar limit, we obtain the induced magnetic field strength at the subsolar point:
For example, at the average magnetopause distance of R mp = 1.45R M [Winslow et al., 2013] , this would amount to
Magnetic multipoles of a degree 2 and higher are not considered here, as the geometric decay toward the magnetopause is even higher.
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Reconnection as Erosion Mechanism
During periods of reconnection, flux is transported from the dayside to the nightside. In the Onion Peel model [Sibeck et al., 1991] , the magnetic flux tubes forming the outer layer of the magnetopause are cut at the subsolar point and dragged toward the nightside by the solar wind. Here we estimate the standoff distance reduction by the flux removal from the reconnection layer. In a second step, we calculate the expected change in the external field from the magnetopause at the planetary surface using the PMM model (cf. section 2.2) resulting from the change in the magnetopause altitude. This makes it possible to assess the inductive response of the planet to the magnetopause erosion by reconnection.
We take half of the thickness of the reconnection layer as an upper bound of the standoff distance reduction. For the estimation of the thickness of the reconnection region, we use the Nabert approximation to describe the magnetosheath along the stagnation streamline [Nabert et al., 2013] . They derived an analytical expression of the magnetosheath thickness, only depending on solar wind conditions. With this, the bow shock distance R bs along the planet-Sun line as a function of the magnetosheath thickness ms is
where g u = u sw ∕u bs denotes the ratio of solar wind to postshock velocity, which is determined by the Rankine-Hugoniot relations as a function of solar wind conditions. The solar wind magnetization m bs is defined by
Here p 0 is the postshock gas pressure, p B ∶= B 2 0,z ∕2 0 is the postshock magnetic pressure, and = 5∕3 is the ratio of specific heats. 
Winslow et al. [2013] report an average magnetosheath thickness of 0.45R M and an average magnetopause standoff distance of 1.45R M , which results in R bs,meas = 1.9R M , which is a factor of 1.8 less than predicted here. This difference is probably due to the low magnetosonic Mach number M S,sw at Mercury, which we neglected above.
Following Nabert et al. [2013] , we assume a linear decrease in flow velocity which yields
where the x axis is along the stagnation streamline.
To consider magnetic reconnection effects, this magnetosheath model is now combined with the Sweet-Parker reconnection model. The inflow velocity into the diffusive Sweet-Parker region is restricted by the finite diffusivity of the plasma
where rec determines the thickness of the Sweet-Parker diffusion region and 0 and p denote the permeability of free space and the electrical conductivity of the plasma inside the reconnection region. Now, we relate this thickness rec to the magnetosheath geometry. Matching this inflow velocity to the magnetosheath velocity u x (x = R mp + rec ) in equation (32) yields 
This layer thickness depends on the magnetosheath thickness, which is a function of the solar wind upstream parameters. These vary on an annual timescale (88 d) with the varying heliocentric distance of Mercury as well as on transient timescales, e.g., during the passage of a coronal mass ejection. Figure 4 shows the subsolar bow shock as a function of the solar wind Alfvénic Mach number M A (top) and magnetopause standoff distances as a function of solar wind ram pressure (bottom) as determined from the models by Winslow et al. [2013] based on in situ data:
Here M A = u sw ∕(B IMF ∕ √ 0 sw ) = √ p sw 0 ∕B IMF denotes the Alfvénic Mach number. The annual variation of upstream solar wind conditions can be taken from Baker et al. [2013] , who compared measured in situ data to model data from the WSA-ENLIL heliospheric model. From this work, we see that any annual variation in the solar wind velocity is of secondary importance compared to transients with a much shorter duration. Thus, on an annual timescale, the variations of density and magnetic field strength are much more important than the annual velocity change during one orbit of Mercury around the Sun. If we assume constant mass flux, we obtain p sw ∝ 1∕r 2 h for the dependence of the solar wind ram pressure on the heliocentric distance r h . With typical values of the ram pressure at perihelion p sw,max = 16.7 nPa and aphelion p sw,min = 7.2 nPa , we find 
The polar magnetic field component should not be significant over long timescales in the vicinity of the ecliptic [Korth et al., 2011] . At the orbit of Mercury, the radial magnetic field should thus dominate, which was confirmed by Korth et al. [2011] . Since we have now expressed the ram pressure and the Alfvénic Mach number as a function of heliocentric distance, we are able to estimate the subsolar magnetosheath thickness ms during the entire orbit of Mercury around the Sun for background solar wind conditions as a function of heliocentric distance, which is shown in Figure 5 (top). This thickness varies by about 0.4R M and is largest (smallest) at perihelion (aphelion). The large spread in the positions of the bow shock as well as the magnetopause as determined by Winslow et al. [2013] makes the error of the magnetosheath thickness of the same magnitude as the value itself. More statistics on the location of these boundaries are required in order to obtain a better estimate.
The remaining undetermined parameter of the reconnection layer thickness is the electrical conductivity. The plasma conductivity inside a reconnection region is generally lower than in the upstream solar wind plasma.
Depending on the reconnection model, different estimates for the conductivity can be found. Semenov et al. [1996] studied Petschek-type reconnection at the Earth tail and estimates a conductivity of 10 −3 S/m. From the works of Alexeev et al. [1993] , who studied the magnetopause using a boundary layer approach, we deduce a conductivity of about 3 ⋅ 10 −4 S/m (assuming a typical plasma velocity of 430 km/s in the reconnection region). Alekseev et al. [1982] obtain a value of 2 ⋅ 10 −5 S/m for MHD discontinuities in the free solar wind. For the terrestrial magnetopause, Alexeev [1986] scales this value up to 3 ⋅ 10 −4 S/m, which we adopt here. Now, we are able to calculate the expected annual variation of the reconnection layer thickness from equation (35), which is mainly due to the variation in p sw . The result is shown in Figure 5 (bottom a The reduction of the magnetopause distance causes an enhancement in the external field. The external field of the magnetopause currents was analyzed at the planetary surface for perihelion, aphelion, and extreme solar wind conditions. to equation (35), the variation of the reconnection layer thickness closely follows the variation in the magnetosheath thickness as the annual variation in the solar wind speed is negligible. At perihelion (aphelion), the expected reconnection layer thickness is 222 km (160 km). The total variation of the reconnection layer thickness is thus only about 60 km even with the large variation in magnetosheath thickness. For an extreme, transient solar wind event as recorded by Slavin et al. [2014] with p sw = 51 nPa, u sw = 450 km/s, and an Alfvénic Mach number of about 3, we estimate a reconnection layer thickness of 266 km. For simplicity, we assume that the magnetospheric field fills half of the reconnection layer with a thickness of rec -the remainder is filled with magnetic field from the magnetosheath. Thus, the decrease of the subsolar standoff distance would be half of the reconnection layer thickness: 80 km at aphelion (0.033R M ), 110 km at perihelion (0.045R M ), and 133 km (0.055R M ) in an extreme event as found by Slavin et al. [2014] .
The spherical harmonic analysis of the magnetopause external field at the planetary surface (cf. section 2.1) yields mainly external field coefficients g , other coefficients are less than 3 nT. The results for the normal magnetopause configuration and for the eroded configurations at aphelion, perihelion, and the extreme event (see above) are given in Table 1 . These coefficients resulting from the eroded magnetopause do not deviate by more than 8 nT from their normal value at the given solar wind conditions.
As an estimate of the timescale needed to erode the magnetic flux from the dayside, we assume 8 s. This is the time needed for the solar wind with a velocity of 430 km/s from the average subsolar point r = 1.45R M to reach the terminator. This type of signal would easily penetrate the surface material with = 2.5 ⋅ 10 −8 S/m (determined by Anderson et al. [2014] ) as the skin depth is about 10000 km which is much larger than the estimated of the crustal thickness of 35 km [Padovan et al., 2015] . Give an estimate of the crustal thickness of 35 km. For this shell thickness, the perfectly conducting limit is already reached at a conductivity of 1.6 ⋅ 10 −3 S/m, given the timescale of 8 s. For an upper estimate of the induction effect, we treat the planetary surface as perfectly conducting body at the timescale of 8 s. In the extreme case, the change in the external field is 8 nT, which translates into an induced field at the magnetopause of
This would increase the subsolar standoff distance only by about 7 km as estimated with the procedure shown in section 2.3 . Compared to the 133 km change due to erosion, this is only a 5% compensation. The compensation for the erosion at normal solar wind conditions is expected to be even lower as the normal standoff distance is much greater, whereas the erosion length is about the same.
Here we have neglected any dependence of the reconnection layer thickness on the reconnection rate, which are expected to be proportional to each other [Zweibel and Yamada, 2009] . Also, we have not discussed the role of the flux return from the nightside here. This happens on the Dungey cycle timescale of about 1 to 3 min . If the approximation of the perfectly conducting planet holds, there is virtually no time lag between the inducing and induced field. Thus, one should be able to measure the compensation by induction before the flux return from the nightside. On the other hand, it appears doubtful to detect a 7 km change in the standoff distance and disciminate it from usual boundary dynamics. A more elaborate reconnection model as well as a better estimate of the plasma conductivity inside the reconnection region could alter the erosion distances calculated here. 
HEYNER ET AL. MERCURY: RECONNECTION-INDUCTION BALANCE
Erosion Due To Neutral Sheet Current Enhancement
For the terrestrial case, Wiltberger et al. [2003] discussed the hypothesis that the dayside magnetopause erosion via reconnection (the Onion Peel model) is negligible and attributed the erosion of the dayside magnetopause to be mainly driven by an enhancement of the nightside current sheet. Such an enhancement happens when the magnetic field in the magnetotail becomes loaded with magnetic flux originally from the dayside. Magnetospheric convection transports the additional flux back toward the dayside. If the rates of these transport processes are different, the magnetotail will become loaded with magnetic flux which enhances the cross-tail current in the neutral sheet. Wiltberger et al. [2003] supported their conjecture using MHD simulations, in which they contrasted the situations with B IMF,z > 0 and B IMF,z < 0. In order to visualize how the neutral sheet current enhancement may reduce the magnetopause standoff distance, we sketched the external field of the neutral sheet current within a meridional cut in Figure 6 (top). As seen in the Figure, the fringe field of the westward flowing neutral current sheet is oppositely directed to the internal and magnetopause fields inside the front nose of the magnetosphere. If the neutral sheet current becomes enhanced, the total magnetic pressure at the subsolar magnetopause is thus decreased and the magnetopause moves inward until a pressure equilibrium with the magnetosheath plasma is reachieved. A suitable possibility to test the influence of an enhanced neutral sheet current at Mercury is to employ the PMM introduced in section 2.2, in which different elements of the magnetosphere can be treated separately. Figure 7 . Inner edge location of the neutral current sheet (normalized to its average value) as a function of the normalized magnetic flux content in the tail. Here the tail radius is assumed to be constant. The grey dashed line marks the minimum distance of the neutral sheet current for Mercury below which the current is blocked by the planet.
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We are mainly interested in the amount of magnetospheric field change at the subsolar magnetopause for a given flux transfer from the dayside to the magnetotail. So, for simplicity, we keep the flaring of the magnetopause fixed. The amount of flux through the magnetotail is one of the control parameters of the PMM (see section 2.2). The average tail flux at Mercury is 2.6 ⋅ 10 6 T m 2 which is quite small compared to the 3.7 ⋅ 10 8 T m 2 in the terrestrial case.
Slavin et al.
[2010] report a threefold amplification from this average value of the tail flux during one of the MESSENGER flybys at Mercury. Later, Sundberg et al.
[2012] estimated a quadrufold tail flux enhancement in their analysis of dipolarization events at Mercury. Sun et al. [2015] performed a statistical study on 26 substorm events at Mercury and found a maximum tail flux increase by a factor of about 1.8. This enhancement of the tail flux is accompanied with an amplification of the neutral sheet current separating the lobes. In addition to the mere amplification, a more striking effect (in terms of the external field change at the planet) is a planetward movement of the neutral current sheet, which becomes clear if we think of the tail lobes as long electrical coils with a magnetic field fall-off law B ∝ 1∕r 2 . This planetward movement has been observed at Earth. [2005] fit their well-known semiempirical magnetospheric model to satellite observations in the magnetosphere taken during a geomagnetic substorm. They observe an about 50% reduction of the planet-current sheet distance (from ∼ 10R E to ∼ 5R E ) and a roughly quadrufold enhancement of the neutral sheet current for an event that took place in April 2000. Also, Unti and Atkinson [1968] show this effect in a 2-D model of the terrestrial magnetosphere.
Tsyganenko and Sitnov
In the Hermean magnetosphere, the planetward shift of the neutral sheet current has not been studied systematically yet. Averaging over the first three Mercury years of in situ MESSENGER data, Johnson et al. [2012] found only a deviation of ±0.05R M from the average location of the inner edge of the neutral current sheet. However, their analysis of the MESSENGER magnetic field data is not particularly sensitive to the position of this inner edge location [see Johnson et al., 2012, Figure 7c] . Fitting the whole data set to create an average magnetospheric model, the short-time tail loading events will certainly be of minor importance. More data from the remainder of the mission could improve the knowledge on this parameter. Korth et al. [2015] were able to use more in situ magnetic field data from the Hermean magnetosphere but did not consider the shift of the inner edge in their improved magnetospheric model for Mercury. In essence, we do not know the reaction of the inner edge of the current sheet to changes in the solar wind ram pressure from in situ data-neither on the annual timescale nor in extreme events.
For the terrestrial magnetosphere, Siscoe and Cummings [1969] made an attempt to find a relation between magnetic flux in the tail F T , the location of the planetward edge of the current sheet X tail , and the asymptotic tail radius R tail . This work is based on a pressure balance between the solar wind and the magnetotail. They find
HEYNER ET AL. MERCURY: RECONNECTION-INDUCTION BALANCE
with M E as magnetic dipole moment of the Earth. This relation could be scaled to the Hermean magnetosphere in a simple way by inserting the Hermean parameters. If we assume that the tail radius does not change from its average value during tail loading events, we may calculate the inward shift of the cross-tail current as a function of the enhancement of the tail flux. This relationship is shown in Figure 7 with the inner edge and tail flux scaled to their average values. The stronger the tail flux, the more the current sheet moves inward. At Mercury, the inner edge distance may not be reduced by more than a factor of 1.4 (grey dashed line in Figure 7 ) as the neutral sheet current then becomes partially blocked by the planet. This corresponds to a tail flux amplification of about 1.6 with respect to its average value. This scaled relationship suggests that the change in the tail radius must not neglected at Mercury or the simple scaling is inadequate as tail loading events with a threefold amplification have been observed at Mercury [Slavin et al., 2010] . More work is needed here to understand the response of the Hermean magnetotail to tail loading in the future using in situ data. However, it seems questionable whether one could detect the three important parameters in order to validate equation (42) for Mercury: the tail loading, the inward shift of the current, and the tail expansion with a single spacecraft as MESSENGER, because the duration of the loading events seems to be too short for this endeavor.
Nevertheless, in order to demonstrate the erosive potential of the neutral current sheet inward shift and amplification by tail loading, we calculate the field change for two cases. In case A, we assume Mercury at its perihelion with a solar wind ram pressure of 16.7 nPa (R mp = 1.42R M according to equation (42)), a twofold amplification and an inward shift of 0.05R M . For case B, we assume an extreme ram pressure of 51 nPa , a quadrufold amplification [Slavin et al., 2010; Sundberg et al., 2012] and an inner edge displacement of the current sheet from 1.41R M toward 1.2R M (motivated by Tsyganenko and Sitnov [2005] ).
Along the planet-Sun line, we displayed the magnetic fields from various sources in Figure 8 for case A and Figure 9 for case B. The internal dipole field B int,dipole dominates throughout the most parts of the magnetosphere. Only just below the subsolar point on the magnetopause, the Chapman-Ferraro field B CF from the currents within the magnetopause is stronger than the internal dipole field. The B CF decreases strongly from the dayside toward the nightside. The field from the neutral sheet current B tail decays moving away from the planetward edge of the current sheet (maximum current strength). In case A, the tail field is B z ≈6 nT at the subsolar point at the magnetopause, whereas it reaches 12.5 nT in the enhanced case with tail loading. This change of 6.5 nT is less than in case B, where the tail field at the subsolar point changes from 4.8 nT to 23.7 nT (magnetic field difference: 18.9 nT). Varying the prescribed PMM-model magnetopause distance in a grid search as described in section 2.3, we find a reduced magnetopause distance of 1.40R M for case A (0.02R M difference) and a reduced distance of 1.17R M (0.03R M difference) for case B (dashed blue lines in Figures 8  and 9 ). The radial field components at the planetary surface for the normal tail field configuration and the disturbed configurations are visualized for both cases in Figure 10 . is the ratio of the induced field change to the initial field change from the tail field enhancement at the reduced subsolar point of the magnetopause.
These figures demonstrate that the external field from the neutral sheet currents has a geometrical structure as sketched before, is concentrated around midnight, and is strongly amplified in the enhanced cases.
The results from the spherical harmonic analysis of this external field (as described in section 2.1) for the neutral current sheet enhancement are given in Table 2 . The most important coefficient is the g 0 1,ext term (a uniform dipole field). The change in the uniform field is about 10 nT for the perihelion configuration and 46 nT in the extreme solar wind configuration. Now, with these obtained Gauss coefficients, we are able to model the inductive response to tail loading events that have been reported to last 2 to 3 min [Slavin et al., 2010] . The method to model the inductive response is described in section 2.4. The results of the two-shell induction model for the neutral current sheet enhancement are shown in Figure 11 for the g 0 1,ext excitation as a function of the outer shell conductivity. If the outer shell conductivity is as low as Anderson et al. [2014] report it for the crust, the ratio of the induced to the inducing field is about 0.28, which is due to the geometrical decay of a dipole field from the core-mantle boundary to the surface. In this regime, the outer shell is basically nonexistent for the induction process as the electrical skin depth is 2 orders of magnitude higher than the shell thickness (see Figure 11 , bottom). Only if the conductivity of the outer shell is of the order of 10 −4 S/m, the skin depth is of comparable magnitude as the shell thickness and the outer shell thus becomes important for the induction process. The outer shell might be regarded as perfectly conducting if the conductivity is higher than about 10 −2 S/m resulting in a Rikitake factor of about 0.5 with negligible skin depths.
If we assume the low conductivity of the outer shell (and thus a Rikitake factor of 0.28) and an extreme excitation amplitude of 46 nT (case B), an induced internal dipole field of g 0 1,sec = 13 nT results. At the subsolar magnetopause at r = 1.17R M (geometric decay factor (R M ∕1.17R M ) 3 = 0.62) this produces a change of 8.1 nT, which is approximately 43% of the field change by the tail enhancement (18.9 nT). The other extreme would be the case of the perfectly conducting limit with an induced dipole coefficient of g 0 1,sec = 23 nT and a subsolar magnetopause field of 14.2 nT (75% of the initial field change at the subsolar point). The results of the induction modeling for case A are summarized in Table 2 together with the results from case B (see above). The maximum lag time between induced and inducing field is only about 2.5 s; thus, the planetary interior reacts relatively quickly (relative to the Dungey cycle time of 2 to 3 min) to the external magnetic field excitation.
From the modeling above, let us note that the standoff distance may be reduced by 0.02R M to 0.03R M by the neutral sheet disturbance and induction in the planetary interior may compensate for the subsolar field change by 43% to 75%. It is clear that a better understanding of the inward shift of the neutral sheet current as well as the tail expansion is required in order to improve our modeling. Also, one might ask where the extreme tail loading reported by Slavin et al. [2010] originates. The authors hypothesized that the whole dayside magnetosphere must have been eroded to explain this magnitude of tail loading. Using the PMM, we reinvestigate this issue here.
After the field lines are connected at the dayside reconnection region, the solar wind will drag the flux tubes from the dayside to the nightside. Thus, the effective flux change is assumed to be the total flux in the reconnection layer, which consists of solar wind flux as well as magnetospheric flux. DiBraccio et al. [2013] estimate the azimuthal scale of the reconnection site as the entire width of the magnetosphere, i.e., 3R M . Using the PMM, we can estimate the reconnected flux from dayside reconnection for the extreme event studied by Slavin et al. [2014] with p sw = 51 nPa and u sw = 450 km/s. Numerical integration of the total magnetic field for the extreme erosion case in section 3 yields a total flux of 0.199 ⋅ 10 6 Wb inside half of the reconnection layer. A tail loading by a factor of 3 requires an additional flux of 5.2 ⋅ 10 6 Wb. So this amplification of the tail flux is much greater than the estimated flux eroded from the dayside reconnection region. One important aspect that we neglected so far is the amplification of the reconnected magnetic field as it is dragged by the solar wind to the nightside of the planet. During this time, the field lines are elongated before they become part of the magnetotail. This process is sketched in a noon-midnight meridional cut through the magnetosphere and magnetosheath in Figure 12 . There, we show how a flux tube with a foot point at the dayside of the planet is connected to the magnetosheath magnetic field at the subsolar point. The solar wind drags this flux tube toward the nightside and thereby elongates it before it merges with the tail.
In general, elongation of plasma tubes with a magnetic field frozen to it causes a dynamo effect, i.e., the magnetic field is amplified [Roberts, 2007] . If we think of a flux tube of the length l with a cross-section A with a magnetic field B and stretch this tube while conserving the volume, the cross section is decreased. In the frozen flux approximation, we must also conserve the total magnetic flux. Therefore, the magnetic field must be proportional to the length l of the flux tube. A rough estimate of the field line stretching as the flux tube is dragged toward the nightside gives a minimum amplification factor of ≈ 7 for a Dungey cycle time of 2 min [Slavin et al., 2010] and a solar wind velocity of 430 km/s. An amplification factor of 7 is not enough to explain a tail flux increase of 5.2 ⋅ 10 6 Wb. Thus, the eroded flux could be larger than estimated above. However, the amplification factor could be much larger as the solar wind is continuing to stretch the flux tube when it is already well in the magnetotail. In consequence, the otherwise enigmatic amount of magnetic flux in the tail during tail loading events becomes more plausible by the solar wind amplification described here. (1) is transported toward the nightside. There (solid red line) it has its foot point at the planet (3) and is still connected to the solar wind at the magnetopause (4). In the time (the Dungey cycle time) the solar wind has traveled the distance L = v sw ≈ 52000 km (with v = 430 km/s and = 2 min). Semenov et al. [2002] consider a series of reconnection pulses (Gaussian packet as an ad hoc assumption) at the terrestrial magnetopause and find that region 1 (R1) currents can hinder the relaxation of the magnetopause position to its ground state. This is especially important if one considers a series of reconnection events. Field-aligned currents are considered a major cause of the magnetopause erosion at Earth by Semenov et al. [2002] . The finite traveltime of an Alfvén wave along the dipolar field lines from the subsolar point to the ionosphere and backward delays the relaxation of the eroded magnetopause to its ground state. Thus, during a series of reconnection pulses the magnetopause distance is further and further decreased. As presented in section 1, Mercury has no ionosphere due to a lack of an atmosphere but the planetary surface might provide some means for current closure [Anderson et al., 2014] . Another aspect is that the Hermean magnetosphere is much smaller, thus the traveltime should be much shorter and the relaxation should not be hindered as much. Anderson et al. [2014] reported steady state R1 current systems at Mercury from magnetic field data analysis. They did not find Region 2 current signatures which is expected as the Hermean magnetosphere does not exhibit a stable ring current. The fringe fields from R1 current systems should also be considered as responsible for an inward movement of the Hermean magnetopause. In Figure 6 (bottom), we sketched the geometry of the R1 currents and their fringe field. As shown in the figure, in the terminator plane the currents flow from the magnetopause along the magnet field lines and close via the planetary surface. Together with the magnetopause currents, the R1 currents form a current loop. The magnetic field from this loop is oppositely directed to the internal and magnetopause fields at the subsolar point of the magnetopause. Alexeev et al. [2000] used a relatively simple model to describe the effect of the R1 currents depending only on the polar cap width and the total field-aligned current. They first construct the electric field potential inside the magnetosphere (which fulfills the horizontal Laplace equation), derive the electric field, and obtain the Pedersen current from that. The divergence of the Pedersen current at the polar cap latitude yields the R1 field-aligned currents. Since the current density j and the magnetic vector potential A are linked via
Erosion Due to R1 Currents
Alexeev et al. [2000] obtain the associated magnetic field from the solution of this Poisson equation. For details on the derivation, please refer to the Appendix section in Alexeev et al. [2000] . According to the model of 
At the subsolar point of the magnetopause ( = 0 and r = R mp ) this reduces to
From this equation it is directly evident that the expected magnetic field at the subsolar point will be weak for small polar cap angles m . The maximum of the averaged field-aligned currents are located at about m ≈ 7° [ Anderson et al., 2014] . Roughly, half of the peak current intensity is found in the range 5°< < 20°. The current intensity varies with magnetospheric disturbance level: 18 kA for undisturbed cases and 38 kA for a highly disturbed magnetosphere [Anderson et al., 2014] . The level of magnetospheric disturbance is independent of the heliocentric distance of Mercury [Anderson et al., 2014] , so these levels of field-aligned currents are expected to happen at perihelion as well as at aphelion. The expected magnetic field from the field-aligned currents is presented in Table 3 for different average solar wind conditions and magnetospheric disturbance levels according to equation (47). The R1 currents create a negligible magnetic field change of less than 1 nT at the subsolar magnetopause for even extreme conditions. According to the model of Alexeev et al. [2000] , the magnetic field arising from the R1 currents is null inside the planet. This can also be seen from the geometry of the R1 currents in Figure 6 (bottom), if one takes the R1 currents from both hemispheres into account. Consequently, there will be no induced currents within the planet in response to the R1 current system. In view of the insignificant magnetic field change at the subsolar point, we dispense with a discussion of the expected standoff distance change.
The model for the magnetic field of the R1 currents is based on several physical assumptions. It is assumed that the electric potential along magnetic field lines inside the magnetosphere is constant due to the relatively high electrical conductivity parallel to the magnetic field lines compared to the Pedersen conductivity. At Mercury, the planetary surface replaces the terrestrial ionosphere with regards to the field-aligned current closure [Anderson et al., 2014] . The exact value of the crustal conductivity varies by orders of magnitude in the publications as mentioned in section 2.4, but it is supposed to be still much less than the plasma conductivity in the magnetosphere. Furthermore, the Pedersen conductance is taken to be independent of latitude or longitude. This might not be the case at Mercury with its large temperature variation from noon to midnight and from the poles to the equator. The electrical conductivity of crustal material is generally known to be exponentially dependent on the temperature [e.g., Glassmeier, 1997] . Furthermore, in the model of Alexeev et al. [2000] it is assumed that the field-aligned currents flow along a conical surface and thus only exhibit a radial component. Within the small magnetosphere of Mercury, the curvature of the field lines may not be negligible and thus the cross-sectional area of the current may be larger than the polar cap angle m suggest. We tested the influence of this by calculating the magnetic field change for a larger polar cap angle of m = 13 ∘ (cf. Table 3 ). Still the expected magnetic field change is less than 1 nT and thus negligible.
Erosion Due to IMF Penetration
When the dayside magnetosphere is subject to reconnection of global scale, as DiBraccio et al. [2013] report it, and the electrical conductivity of the magnetopause layer drops to finite values, one may ask whether the field from the magnetosheath diffuses through the magnetopause into the magnetosphere. The magnetic diffusion time is defined as = 0 2 [Jackson, 1999] . Assuming the values = 3 ⋅ 10 −4 S/m inside the reconnection layer and a reconnection layer thickness of rec = 266 km (see section 3), we obtain ≈ 27 s, which is shorter than the Dungey cycle time at Mercury (∼ 2-3 min). This means that a significant portion of the magnetosheath field may enter the magnetosphere before the magnetic flux is returned to the dayside by magnetospheric convection. Alexeev et al. [1993] , Alexeev et al. [2000] , and Alexeev et al. [2003] consider the case of an open magnetosphere model during times of dayside reconnection and describe the portion of the IMF that has penetrated the magnetopause B p as
Here the k factors denote the penetration factors of the IMF B IMF into the magnetosphere. ∥ and ⟂ are the parallel and perpendicular directions to the solar wind velocity. As an approximation, this penetrated magnetic field is considered to be uniform within the magnetosphere. Alexeev et al. [1993] find that the penetration factors k depend on the magnetic Reynolds number R m = 0 v sw R 1 with 0 as the magnetic permeability of free space, and v sw as the electrical conductivity and velocity of the solar wind, and R 1 as the characteristic length scale of the system (here the subsolar magnetopause distance):
Here denotes the plasma compression coefficient after passing the bow shock-we adopt a value of 2 [Alexeev et al., 2003] . For the terrestrial case the authors find R m,E = 10 4 with = 3⋅10 −4 S/m. This corresponds to penetration factors of k || E = 0.02 and k ⟂ E = 0.13 meaning that up to about 1∕10 of the upstream IMF may penetrate into the magnetosphere. At the Earth with its strong internal dipole field, this might be a negligible influence. With the same conductivity and a solar wind speed of v sw = 430 km/s and an average system scale of 1.45R M km, we calculate a much smaller Hermean magnetic Reynolds number of R m,M = 574. In the extreme cases studied by Slavin et al. [2014] , the magnetopause standoff distance is 1.2R M which results in a different magnetic Reynolds number of R m,M = 475. However, this changes the penetration factors in equation (49) only slightly.
In consequence of the lower magnetic Reynolds number, the penetration factors are k ∥ M = 0.09 and k ⟂ M = 0.26 accounting for an enhanced magnetic diffusion through the magnetopause. If we assume typical IMF strengths (for a weak solar activity) between 11.2 and 28 nT [Korth et al., 2011] , a penetration factor of 0.26 results in a penetrated field strength between 2.9 and 7.3 nT using equation (49) . A value of B z,p = −7.3 nT results in a reduction of the standoff distance of about 0.01R M , i.e., 24 km.
During intense events like the passage of a coronal mass ejection (CME) cloud the IMF field strength can also reach about 100 nT . For one case in 2011, Slavin et al. [2014] derive an exceptional upstream ), and how strong the magnetic field from induction is at the magnetopause (ΔB mp,ind ).
IMF of B = (−7.66, 92.0, 31.9) nT; thus, with the above penetration factors this amounts to a penetrated part of B p = (−0.7, 24, 8.3) nT. In this particular case, magnetic flux would be added to the system and a higher standoff-distance would be expected. If we assume a similar extreme event, but with a negative B z component and a subsolar standoff distance of 1.2R M , the standoff distance would still only be reduced by 0.01R M . The penetrated values could also be much different as the magnetic Reynolds number is expected to deviate in the extreme case of a CME-cloud passage.
For the penetration of the IMF into the magnetosphere, we currently lack an estimate of the timescale this condition prevails. Thus, it remains unknown how deep this external signal penetrates into the planetary surface. For an upper value of the inductive response, we assume the perfectly conducting limit with a Rikitake factor of 0.5. At average conditions with R mp = 1.45R M and an external field change of 7.3 nT, the induced magnetic field at the subsolar point would be 1.2 nT (16% compensation). For the extreme case with R mp = 1.2R M and an external field change of 8.3 nT we arrive at an induced field of 2.4 nT at the subsolar magnetopause (29% compensation).
The underlying approximations for the penetration factors are only valid for √ Re m ∕M 2 A ≪ 1 [Alexeev et al., 2003] . For the average range for the Alfvénic Mach number M A of 6-10 experienced by Mercury during the course of its orbit around the Sun and a magnetic Reynolds number of 574 at Mercury, this is at the limit of the validity range given above. For one of the extreme events studied by Slavin et al. [2014] , the Alfvénic Mach number is expected to be about 3. For this special case, the underlying assumptions of Alexeev et al. [2003] marginally fail. In addition, in the penetration model by Alexeev et al. [2003] it is assumed that the penetrated field is uniform inside the magnetosphere. This might be oversimplified, as the IMF is significantly changed in strength and geometry inside the magnetosheath region. Considering the magnetic field draping around the terrestrial magnetopause, we expect at least an important day-night gradient in the penetrated magnetic field. More work is required to fully understand the role of the penetrated IMF portion into the Hermean magnetosphere.
Discussion and Conclusions
The various erosion mechanisms create different changes in the magnetopause standoff distance as well as in the external magnetic field experienced by the planet. The numerical values of these changes are summarized in Table 4 . From this data, the strongest standoff distance reduction is expected to be due to the Onion Peel effect, which is in agreement with the conjecture of Slavin et al. [2014] that reconnection is responsible for the low-lying magnetopause at extreme solar wind events. However, the strongest inducing signal is anticipated to originate from an enhancement and displacement of the neutral current sheet. This is due to the fact that the magnetic field from the neutral sheet current is stronger at the planet than at the subsolar magnetopause.
Erosion due to the R1 currents is found to be negligible even in extreme cases of magnetospheric disturbance levels. This is mainly due to the small opening area of the current cone defined by m . Here we only consider the effect of the northern field-aligned currents. Since the Hermean magnetosphere is not symmetric about the planetary equatorial plane (due to the dipole offset), one also needs to explore the effect of the southern field-aligned currents with in situ data. With the limitation of MESSENGER's orbit missing close-in observations of the Southern Hemisphere of Mercury, this is currently not possible. The induction effect from R1 currents can be neglected here, as these currents only create toroidal magnetic fields, which do not penetrate the planetary surface.
The IMF penetration effect studied with the open magnetospheric model has only limited capability to significantly decrease the magnetopause standoff distance at average solar wind conditions. The external inducing field at the planetary surface could reach the level of the neutral current sheet enhancement at normal solar wind conditions. The open magnetosphere model has to be adapted to Hermean conditions in the future as the model assumptions are the limit of the validity range. Also, the magnetic field draping within the magnetosheath has to be taken into account. Considering extreme events with B IMF > 100 nT, as Slavin et al. [2014] reported them, the IMF penetration has a very large potential to significantly change the external field experienced by the planet and thus could be a major effect driving induction within the planetary interior.
The enhancement and displacement of the neutral current sheet create a significant erosion effect on the magnetopause. This changing external field creates an induced internal field, which may counteract the magnetopause erosion. In order to obtain better statistics on the tail loading events, i.e., the amplification factor and their duration, a dedicated systematic study is required in the future.
The standoff distance variation due to the direct flux erosion moves the magnetopause the farthest inward. The Onion Peel model has been controversially discussed by, e.g., Sibeck et al. [1991] , who argue that the inward moved position of the magnetopause cannot be stable as the magnetopause is not in pressure balance there. Thus, this direct flux erosion is expected to be a highly transient effect. In addition, the MHD simulations of Wiltberger et al. [2003] do not point to a Onion Peel effect as the reason for the erosion at Earth. Here we merely assess a maximum effect on the standoff position erosion and the amount of flux that could be transported toward the nightside. Thereby, we neglected also any dependence on the actual reconnection rate. Thus, the expected effect from the direct flux erosion is expected to be slightly overestimated. Furthermore, there are different models for the reconnection process, and the estimate of the reconnection layer thickness might depend upon this. Last but not least, the finite conductivity within the reconnection layer should be assessed for Hermean conditions in the future to further improve the estimate given here.
The erosion mechanisms presented here are not independent of each other. This type of modeling is not consistent to the point that it excludes complex interactions between the erosion (and induction) processes. A more detailed examination of possible quantitative effects of these complex interactions needs further experimental and numerical simulation efforts and is subject of future research.
Considering the extreme cases with a subsolar magnetopause standoff distance of 1.2R M , erosion may lower this by 0.05R M which corresponds to only 4%. At Earth, the relative amount of erosion is 22% at maximum (cf. section 1). If erosion is due to a decrease in the subsolar magnetic field on the inside of the magnetopause, the weakness of erosion at the Hermean magnetopause may be due to the small stand off distance itself. A low-lying magnetopause is harder to erode as the internal dipole may compensate more quickly for the initial magnetic field decrease as the internal field gradient is steeper there than far away from the planet.
We compared various magnetopause erosion mechanisms suitable for the Hermean magnetosphere. Next to the controversially discussed direct flux erosion (Onion Peel model), the most important mechanism seems to be the enhancement and displacement of the neutral current sheet during periods of dayside reconnection. The large tail field amplification observed during the MESSENGER flybys does not imply a complete erosion of the dayside magnetosphere in contrast to the conjecture of Slavin et al. [2010] . As we touched on this in section 4, the dynamo effect of the solar wind dragging the reconnected flux tubes toward the nightside of the planet could be responsible for the strong tail flux amplification. The neutral sheet current enhancement creates a most noticeable magnetic field change at the planetary surface. Inside the planet, currents are induced in reaction to the external field change. As the Hermean magnetosphere is quite small, the induced magnetic field inside the planetary interior in response to the tail loading may compensate between 15% and 27% of the magnetic field change at the subsolar magnetopause at average solar wind conditions. For extreme conditions (with a strongly compressed magnetosphere), we estimate a compensation range of 43-75% due to induction, but this remains somewhat vague as the important inward shift of the tail current layer is currently not adequately assessed in the Hermean magnetospheric model. In essence, the induction process may account for some but not all of the reluctance of the Hermean magnetopause against erosion.
